α-Lipoic acid (LA) has been found previously to accelerate wound repair in patients affected by chronic wounds who underwent hyperbaric oxygen (HBO) therapy. Because proteinases are important in wound repair, we hypothesized that LA may regulate matrix metalloproteinase (MMP) expression in cells that are involved in wound repair. Patients undergoing HBO therapy were double-blind randomized into two groups: the LA group and the placebo group. Gene expression profiles for MMPs and for angiogenesis mediators were evaluated in biopsies collected at the first HBO session, at the seventh HBO session, and after 14 days of HBO treatment. ELISA tests were used to validate microarray expression of selected genes. LA supplementation in combination with HBO therapy downregulated the inflammatory cytokines and the growth factors which, in turn, affect MMPs expression. The disruption of the positive autocrine feedback loops that maintain the chronic wound state promotes progression of the healing process.
INTRODUCTION
Wound healing is a complex process that proceeds through a number of welldefined and orchestrated stages: inflammation, proliferation, matrix deposition, and remodeling (1, 2) . Enzymatic remodeling of the extracellular matrix (ECM) is considered essential for proper wound healing (3) . Various types of proteinases are implicated in ECM degradation, with the major enzymes represented by matrix metalloproteinases (MMPs). MMPs are members of the Zn-dependent endopeptidase family (4), with very low steady-state activity, and their expression is transcriptionally controlled by inflammatory cytokines, growth factors, hormones, and cell-cell and cellmatrix interactions (5) .
Self-resolving inflammation is a normal and necessary prerequisite to fibroblast activation and net matrix synthesis, and this process must be regulated tightly, both temporally and spatially. Imbalances in wound proteases and their inhibitors, because of sustained production of inflammatory mediators and influx of inflammatory cells, prevent matrix synthesis and remodeling, essential for progression to a healed wound (6, 7) . Chronic wounds arise from recurrent or chronic injuries (that is, intermittent ischemia) and/or low-level bacterial contamination. Once established, positive autocrine feedback loops and ongoing insult maintain the chronic wound state, preventing progression of the healing process.
Hyperbaric oxygen (HBO) therapy has been used successfully for the treatment of non-healing wounds (8, 9) . The healing effect is due to the local increase in the oxygen gradient, resulting in enhanced angiogenesis, growth factor stimulation (10) , and increased local resistance to infection (11) . Recently, it has been observed that α-lipoic acid (LA) administration in association with HBO efficiently contributes to accelerated regression of chronic ulcers, acting both as an antioxidant and as a modulator of inflammation (12) .
Here, we evaluated the effect of LA on the expression of genes involved in ECM remodeling and angiogenesis in patients affected by chronic wounds treated with HBO. We show that LA supplementation in combination with HBO therapy down-regulated inflammatory cytokines and growth factors that, in turn, affect expression of MMPs, promoting the healing process.
MATERIALS AND METHODS

Subjects and α α-Lipoic Acid Supplementation
Twenty patients (seven males and 13 females, mean age of 77 ± 9 years) were enrolled at the Hyperbaric Centre, MPM, Bologna, Italy, after giving their informed consent. The pathologies treated by HBO therapy were ischemic diabetic ulcers (n = 12) and ischemic vasculopatic ulcers (n = 8), wound area 16.3 ± 4.2 cm 2 ( Table 1 ). The inclusion criteria were non-smokers with ulcers of at least 30 d old, diabetic feet < stage four according to Wagner, ankle pressure > 50 mmHg, basal oxymetry transcute (pTcO 2 ) > 20 mmHg. Patients with other diseases (inflammatory, rheumatic, and endocrinal diseases) and subjects under pharmacological therapies or antioxidant supplementation were excluded from the study. Patients were doubleblind randomized into two groups, the α-Lipoic acid group (LA-group) and the placebo group (PL-group). At the first HBO session, the subjects received 300 mg of LA (one capsule of Byodinoral 300, MDM, Milano) or placebo (one capsule) 1 h before oxygen exposure and a second capsule of their respective protocol immediately after the therapy. The patients then received LA or placebo supplementation (two capsules/day) for the next 14 consecutive HBO treatments (one session/day).
Hyperbaric Protocol
Patients were exposed to 14 consecutive HBO treatments (one session/day) according to a routine therapy protocol. The multiplace chamber (Sistemi Iperbarici, Ardea, Italy) was pressurized with compressed air where the patients breathed 100% O 2 using a mask at a pressure of 2.5 ATA for a total of three 25-min sessions, interrupted by 3-min intervals of breathing normal air.
Harvesting and Processing of Plasma and Biopsy Samples
Blood and biopsy samples were taken at the first HBO session (T 0 ), at the seventh HBO session (T 1 ), and after day 14 of the HBO treatment (T 2 ). Venous blood samples, collected in heparinized tubes, were centrifuged at 1,000g for 15 min and the plasma obtained stored at -80°C until ELISA analysis. A 5 mm diameter biopsy was taken from the center of the wound. The first sample was stored in the RNAlater RNA stabilization reagent (Ambion, Austin, TX, USA) and stored at -20°C until the microarray analysis was performed. The second biopsy sample was immediately frozen at -20°C. Frozen biopsies were homogenized in the lysis buffer (50 mM Tris-HCl, 1% Triton X-100, pH 7.4) and centrifuged at 12,000g for 5 min to remove particulate matter. The supernatant was assessed for protein content using the Bradford method (Sigma, St Louis, CA, USA) and stored at -80°C until ELISA analysis.
Total RNA Isolation
Total RNA was isolated from biopsy samples using a Total RNA purification kit (Versagene, Gentra Systems, Minneapolis, MN, USA). The integrity of the obtained RNA was evaluated by electrophoresis, and RNA concentration and purity was determined by UV spectrophotometry.
Microarray Analysis
The Oligo GEArray series kits (SuperArray, Frederick, MD, USA) were used to determine the regulation of gene expression corresponding to 113 genes involved in extracellular matrix remodeling (Cat No OHS-013) and angiogenesis (Cat No OHS-024). Briefly, total RNA (3 μg) was reverse-transcribed into cDNA, which was transcribed into Biotin-16-dUTPlabeled cRNA Probe with the use of TrueLabeling-AMP (SuperArray), according to the manufacturer's protocol. Hybridization was carried out by incubation of the membranes with Biotin-labeled cRNA probes at 60°C overnight. After washing, the membranes were incubated with alkaline phosphate-conjugated streptavidin and finally developed using the CDP-Star chemiluminescent substrate. The membranes then were scanned by Chemidoc XRS (Bio-Rad) and spot intensities quantified using the Quantity One software (Bio-Rad). The relative expression level of each gene was determined by comparing the signal intensity of each gene in the array after normalization to the signal of the β-actin house-keeping gene on the same membrane using the GEArray Analyser software. Genes with chemiluminescence intensity differing by > 2.0-or < 0.5-fold between tissue collected at T 1 and T 2 time points related to the biopsies collected at T 0 , consistently occurring in at least five cases for the PL-group and the LA-group, were chosen for hierarchical clustering analysis. Following the logtransformation of the mean ratio of intensities for T 1 /T 0 and T 2 /T 0 for each gene of the PL-and LA-group, we then used the clustering analysis software, and the resulting expression map was visualized with Treeview using the average-linkage clustering algorithms (Eisen Lab, Stanford University, CA, USA). Genes with increased expression are indicated by green color, those with de- Assessment of MMP2 and MMP9 Activity MMP2 and MMP9 activities in biopsy samples were assessed by an immunocapture assay using a commercially available kit according to the manufacturer's protocol (Amersham Biosciences, Piscataway, NJ, USA), using 96-well microtitre plates coated against MMP2 and MMP9. Active MMPs were captured from biopsy lysates (50 μg protein) incubated overnight at 4°C. Individual wells then were washed, and 50 μL of the assay buffer were added to each well. The detection process involved the addition of 50 μL of the detection reagent to all wells and incubation at 37°C for 3-4 h before reading the absorbance at 405 nm using an ELISA plate reader (Sunrise, Tecan, Milan, Italy). Concentrations of active MMPs were extrapolated from the standard curve, and the activity was calculated as the rate of change in absorbance at 405 nm per hour and expressed as units per mg of total protein (U/mg).
Human Matrix Metalloproteinase and Angiogenesis Protein Arrays
Protein arrays for human matrix metalloproteinase (MMP2, MMP9 and TIMP1, TIMP2) and angiogenesis (PDGF-BB, b-FGF, VEGF-β) were used to analyze the biopsy lysates. The IL-1β, IL-6, TNFα were assessed in plasma by means of the multiplex sandwich ELISA kit (SearchLight, Pierce Biotechnology, Rockford, IL, USA), according to the manufacturer's instructions. Results are expressed as ng/mg protein for biopsy and as ng/mL for plasma samples.
Clinical Analysis of Wounds
Clinical analysis of the wounds was carried out using the mouse-eye software (Taylor R, Salford, UK, http://www. hope-academic.org.uk/staff/rtaylor/) using the Eco-Doppler, oxymetry transcute instrument. The area of wounds was determined before (T 0 ) and after 14 (T 14 ) and 40 (T 40 ) days from the onset of the HBO therapy. Results are expressed as variation of the percentage of wound areas at T 14 and T 40 and are related to the basal values at T 0 .
Statistical Analysis
The Kruskal-Wallis and Mann-Whitney non-parametric statistical tests were employed to assess the significance of the differences in the concentration and activity of MMPs and angiogenic/ inflammatory factor levels between the time points and between the groups. The P values < 0.05 were considered statistically significant. All statistical analyses were performed using SPSS for Windows version 11.0 (SPSS, Chicago, IL, USA).
RESULTS
Effect of LA on Extracellular Matrix and Angiogenesis-Related Gene Expression Profile
Pathway-specific microarrays for matrix remodeling and angiogenesis were utilized to explore changes in the expression of selected genes. Figure 1 shows the average changes in human ECM adhesion molecule genes (left panel) and genes involved in the angiogenic process (right panel). In the PLgroup, HBO treatment enhanced gene expression of most of ECM molecules, 20/28 (71%) genes coding for adhesion molecules, and 50% of genes coding for ECM proteins, including that for metalloproteinases, and their inhibitors which were upregulated at the time point T 1 . The upregulated genes observed at T 1 were consistently repressed (30/40, 75%) at the 14th HBO session (T 2 ). Notably, the MMP9 gene expression was upregulated at T 1 , then dropped to the basal value at T 2 . No changes in gene expression were found for MMP2 and MMP3 at the first evaluation, with downregulation at the next time point. Similarly, LA supplementation induced expression of ECM molecules (21/28 genes for adhesion molecules; 7/12 genes for ECM proteins) at the first evaluation, then repressed them (32/40, 80%) at the next time point. Expression of the MMP2 gene was strongly upregulated at T 2 . Conversely, LA supplementation markedly repressed MMP3 and MMP9 expression.
Expression profile analysis of angiogenesis-related genes revealed upregulation of genes (32/42, 76%) coding for growth factors, cytokines, transcription factors, and proteases in the PL-group at T 1 . However, at prolonged HBO exposure, 28/42 (67%) upregulated or unchanged genes were repressed. In the LA-group, 52% of angiogenesis-related genes were downregulated at T 1 . As shown in Figure 1 (right panel), downregulation was observed for genes coding growth factors, 10/15 (67%); cytokines and chemokines, 1/9 (11%); transcription factors, 4/7 (57%); and proteases, 8/11 (73%). The gene repression was more evident at T 2 (69%). LA supplementation reduced the expression of VEGF-β and IL-6. It is noteworthy that PDGF-BB, IL-1β, and IL-8 were unchanged or were downregulated in the PL-group, while they were upregulated in the LA-group.
Human Matrix Metalloproteinase, Inflammation, and AngiogenesisRelated Protein Levels
The microarray analysis evidenced that the MMP2 and MMP9 gene expression was modulated differently by HBO therapy alone or in combination with LA. Because of their important role in the healing process (13, 14) , the differential expression was confirmed by protein levels assayed in the biopsy. Because the MMPs activity is related strictly to the level of their inhibitors, TIMP1 and TIMP2 protein levels also were assessed. ELISA assay was used to validate the differential mRNA expression levels of three selected genes mainly involved in the angiogenic process. These genes are b-FGF, VEGF-β, and PDGF-BB, which were identified by functional cluster analysis. Differential expression of three other transcripts involved in wound inflammation IL-1β, IL-6, TNFα were confirmed by ELISA analysis.
MMP2 and MMP9 protein levels were evaluated both as the total protein and as the active form. As shown in Figure 2A , both the total MMP2 and its active form decreased slightly following HBO treatment (PL-group). In the LA-group, total MMP2 levels as well as the level of the active protein were significantly increased at T 2 , revealing increased MMP2 active /MMP2 total ratio (Table 2 ). An opposite trend was observed for MMP9, whose expression and activity were induced slightly by HBO therapy. LA supplementation reduced the total MMP9 and its active form ( Figure 2B ), revealing reduced MMP9 active /MMP9 total ratio (Table 2 ). TIMP1 and TIMP2 tissue levels did not change significantly during HBO treatments and were not different between groups (Table 2 ). However, LA supplementation induced an increase of the MMP2/TIMP1 complex and the MMP2/TIMP2 complex, and a reduction of the MMP9/TIMP1 complex and the MMP9/TIMP2 complex at T 2 ( Table 2) .
A slight increase in VEGF-β and b-FGF levels was found in the PL-group following the HBO treatment. LA supplementation inhibited VEGF-β and b-FGF expression but induced a significant increase of PDGF-BB level compared with the PLgroup ( Figure 3) .
As shown in Figure 4 , no significant changes were observed for IL-1β and TNFα in both the LA-group and the PLgroup. Plasma levels of IL-6 increased following the HBO therapy in patients receiving placebo, most likely due to inflammatory events, while LA inhibited IL-6 expression.
LA Promotes Progression of the Healing Process
Daily oral administration of LA accelerated the healing process induced by the HBO therapy. As demonstrated in Figure 5 , LA supplementation increased the reduction of the wound area relative to the PL-group, 17 ± 43% compared with 6 ± 10%, P < 0.05, at day 14 of the HBO therapy (T 14 ), and 31 ± 42% compared with 18 ± 16%, P < 0.05, at day 40 (T 40 ).
DISCUSSION
Non-healing ulceration is a serious complication in diabetes mellitus, in conditions such as paralysis that inhibit movement, and in the elderly. Injuries often fail to heal because of persistently high concentrations of pro-inflammatory cytokines present in the wound sites, Figure 1 . Representative gene expression patterns of selected genes from 113 genes involved in extracellular matrix remodeling (left panel) and angiogenesis (right panel). In five cases for PL-group and LA-group, chemiluminescence intensity corresponding to individual genes, differing by > 2.0-or < 0.5-fold between tissue collected at T 1 and T 2 time points related to samples collected at T 0 was chosen for the hierarchical clustering analysis. Individual genes are listed vertically. Relative normalized expression for each gene is represented by color intensity (green, overexpression; yellow, no expression change; red, reduced expression; black, gene not detected).
leading to high concentration of proteases. These in turn degrade several growth factors and matrix proteins that are essential for normal wound healing (15, 16) . In particular, the transition from chronic to acute or fully restored functional connective tissue is affected by these factors, and this represents a major interest in the treatment of chronic ulceration (17) . Besides the new therapeutic strategies such as local treatment with growth factors (18) or replacement with skin substitutes, local increase in the oxygen gradient by HBO therapy is an efficient approach. Recently, we observed that LA supplementation in association with HBO treatment further improved the healing process after 40 days posttherapy, determining a marked reduction in the wound, which in some cases resulted in a total remission (12) . Using the microarray analysis, genes involved in extracellular matrix remodeling and angiogenesis were evaluated. Genes coding for growth factors, cytokines, cell-matrix adhesion molecules, and proteases were expressed highly in the chronic wounds.
Oxygenation induced overexpression of almost all of these genes at the first week of HBO treatment. At prolonged oxygen exposure some of them were repressed. Interestingly, an opposite modulation of MMP2 and MMP9 gene expression was exerted by HBO therapy alone or by HBO treatment combined with LA. Therefore, the validation of the MMP2 and MMP9 gene expression was assessed by the determination of their protein levels and activities. The MMPs activity is known to be inhibited by the binding of TIMPs as a 1:1 molar ratio, so the activity of MMPs is related strictly to the level of TIMPs. The controlled balance of MMPs and their inhibitors is necessary for a regular repair process. A shift toward a higher MMP2/TIMP1 and TIMP2 ratios was found in the LA-group, resulting in an increase of MMP2 activity. The enhanced MMP2 activity may present additional advantages during wound healing. MMP2 not only regulates the turnover of ECM but also exerts anti-inflammatory effects via the monocyte chemoattractant protein-3 (MCP-3), a chemokine that promotes leukocyte chemotaxis (19) . MMP2 is the most efficient MMP to cleave and inactivate MCP-3, which results not only in blocking the initiation of an inflammatory response but also completely abrogates possible pre-existing inflammation (19) .
In contrast, lowered MMP9/TIMP1 and TIMP2 ratios were found in the LAgroup, and this was associated with a reduction of the MMP9 activity. Active MMP9 does not cleave MCP-3, but cleaves and activates the pro-inflammatory cytokines IL-1β and IL-8, promoting their activity (20) , which results in enhanced leukocytes influx and increased inflammation. It is known that MMP9 preferentially degrades the extracellular matrix during the early phase of the healing process. MMP9 is induced in the inflammatory phase in keratinocytes, occurring within the scar areas of the tissue at maximum levels two weeks after the injury, with a decrease to basal level between two and four weeks. This coincides with the time at which angiogenesis would occur to provide the developing tissue with oxygen and nutrients (6, 21) .
Because MMP2 expression occurs later after the injury; this protease is more likely to be involved in tissue structural changes rather than in the process of angiogenesis (21) . Thus, the selective induction of MMP2 and inhibition of MMP9 by LA may promote wound healing not only by inducing cell migration but also by minimizing the associated inflammatory events.
The transient appearance of MMP transcripts in the distinct basal cells of the hyperproliferative epithelium implies that the expression of epithelial MMPs during normal excisional wound repair is regulated efficiently both temporally and spatially. Such efficient control could be mediated by the action of growth factors and cytokines that are present transiently during the inflammatory phases of the repair (22, 23) . Self-resolving inflammation is a normal and necessary prerequisite to fibroblast activation and net matrix synthesis. In contrast, prolonged expression of the granulocytesmacrophage colony stimulating factor results in sustained inflammation via prolonged residence of neutrophils and monocytes, resulting in abrogation of normal wound healing (24) . High levels of chemokines and cytokines were observed in biopsies collected from chronic ulcers, and HBO therapy enhanced their expression. LA supplementation markedly repressed expression of inflammatory genes. Downregulation of IL-6 mRNA, observed at day 14 of LA supplementation, was associated with reduced plasma levels of the IL-6 protein. Conversely, an increase in mRNA expression of IL-1β and IL-8 was not accompanied by corresponding changes in the protein levels in the LA-group.
IL-6, IL-1β, and IL-8 serve as pro-inflammatory cytokines and their inhibition contributes to suppression of the inflammatory process. Moreover, IL-8 not only mediates leukocytes infiltration, but also may participate in wound re-epitheliazation and angiogenesis (25, 26) . Both pro-inflammatory and anti-inflammatory cytokines are involved in the initiation, control, and termination of the cellular events that occurs at each stage of wound healing, by their chemoattractant activity and their ability to stimulate cellular proliferation (27) . Growth factors are considered to be peptide mediators in cell proliferation, cell cycling, and apoptosis. Among the pro-angiogenic factors involving in wound healing, b-FGF and VEGF appear to be of primary importance (28, 29) . Elevated level of VEGF was found in chronic wounds (30) .
Several epidermal and dermal factors, including TGFs, EGF (31, 32) , and TNFα (32) , and hypoxia (33) have been shown to enhance VEGF expression at chronic wound sites. In our system, HBO therapy induced expression at the mRNA and protein level of the b-FGF and VEGF-β. Gene expression for VEGF-α was not observed either at basal level and its expression was not induced by HBO treatment in either the PL-group or the LA-group. The angiogenic action of HBO therapy has been observed previously (34, 35) . Increased VEGF-β production by HBO treatment was observed in a wound model, whereas induction of b-FGF and HGF without affecting VEGF was found in the ischemic hind limbs (36) . Despite the increased expression of b-FGF and VEGF-β, the high proteolytic activity in this environment results in their degradation (30) . Taking into account the observation from Keyt et al. that the proteolysis of VEGF impairs its biological activity, in the chronic wound environment, VEGF-protease interaction would restrain neovascularization (37) .
As LA promotes wound healing, it would be expected even to increase angiogenesis by the expression of growth factors. However, these were actually downregulated, suggesting that the alteration of the protease and inflammatory cytokine expression has a greater effect on the healing process. An LA-mediated inhibitory effect on proliferation and apoptosis has been found in endothelial cells (38) . The inhibition of apoptosis was paralleled by reduction of NF-κB, and its promoter activity is suppressed by LA in a concentration-dependent manner (39) . Furthermore, LA attenuates the DNAbinding activity of NF-κB resulting in an inhibition of several inflammatory and proangiogenic genes, including IL-6, MMP9, and VEGF (39, 40) . Thus, the LAinduced NF-κB inhibition may contribute primarily to suppress the inflammatory process and the protease activity inhibiting the degradation of angiogenic factor, which is a contributing factor in chronic wound healing failure. A number of different growth factors are thought to simulate angiogenesis during wound healing, including those that, in addition to acting on endothelial cells, also stimulate mesenchymal/epithelial cells such as platelet-derived growth factor (PDGF), which is a chemotactic factor for monocytes and fibroblasts regulating angiogenesis (41) . PDGF accelerates tissue granulation and extracellular matrix deposition (42) . We found that LA supplementation significantly induces mRNA expression of PDGF-BB as well as the level of the protein. Conversely, reduction in PDGF-BB mRNA expression and lower PDGF-BB protein levels were observed in the PL-group. Greenhalgh et al. (42) , and Tsuboi and Rifkin (43) showed earlier that impaired healing could be reversed by polypeptide growth factors, including FGFs and PDGF-BB, leading to the successful use of recombinant PDGF-BB in the treatment of human diabetic ulcers. PDGF-BB promotes the inflammatory and proliferative/matrix deposition phases of repair without disrupting the normal sequence of events, in contrast to other growth factors applied pharmacologically, such as members of the FGF family and the transforming growth factor-β (TGF-β), which also alter the normal healing process (44, 45) .
Taken together, we show that pro-inflammatory factors are highly expressed in impaired ulcers. Chronic inflammation and bacterial contamination establish a positive autocrine feedback loop maintaining the chronic wound state. Compromised tissue oxygenation or wound hypoxia is viewed as a major factor that limits the healing process as well as suppression of the level of infection. Thus, oxygen supply, which is necessary to stimulate tissue regeneration, is required for tissue healing. We present data documenting that LA supplementation downregulates the chronic inflammatory state, changing the protease/anti-protease levels within the wound microenvironment. Decrease in the MMP9 expression and MMP2 upregulation, together with increased levels of PDGF-BB, contribute significantly to acceleration of the dermal wound repair process suggesting a beneficial role of LA supplementation in the treatment of chronic wounds.
